The functionality of YBa 2 Cu 3 O 7−δ (YBCO)-coated conductor technology depends on the reliability and microstructural properties of a given tape or wire architecture. Particularly, the interface to the metal tape is of interest since it determines the adhesion, mechanical stability of the film and thermal contact of the film to the substrate. A trifluoroacetate (TFA)-metal organic deposition (MOD) prepared YBCO film deposited on a chemical solution-derived buffer layer architecture based on CeO 2 /La 2 Zr 2 O 7 and grown on a flexible Ni5 at.%W substrate with a {100} 001 biaxial texture was investigated. The YBCO film had a thickness was 440 nm and a j c of 1.02 MA cm −2 was determined at 77 K and zero external field. We present a sub-nanoscale analysis of a fully processed solution-derived YBCO-coated conductor by aberration-corrected scanning transmission electron microscopy (STEM) combined with electron energy-loss spectroscopy (EELS). For the first time, structural and chemical analysis of the valence has been carried out on the sub-nm scale. Intermixing of Ni, La, Ce, O and Ba takes place at these interfaces and gives rise to nanometer-sized interlayers which are a by-product of the sequential annealing process. Two distinct interfacial regions were analyzed in detail: (i) the YBCO/CeO 2 /La 2 Zr 2 O 7 region (10 nm interlayer) and (ii) the La 2 Zr 2 O 7 /Ni-5 at.%W substrate interface region (20 nm NiO). This is of particular significance for the functionality of these YBCO-coated conductor architectures grown by chemical solution deposition.
Introduction
Coated conductors are of great interest for diverse applications in energy and magnet technology, such as power cables, transformers and current limiters [1] . In recent years, the chemical solution deposition (CSD) method has been established as a viable route towards the fabrication of low-cost, highly efficient coated conductor technology [2] . Nevertheless, further improvement is still needed, and superconducting tape and wire fabrication remains a great challenge [3] . For further improvement a thorough understanding of the structural and chemical processes on the nanometer scale and a correlation with the physical properties is fundamental [4] .
In this contribution we present results from a fully processed YBCO-coated conductor prepared by chemical solution deposition based on metal organic deposition (MOD); trifluoroacetate (TFA)-YBCO deposited on a CeO 2 /La 2 Zr 2 O 7 /Ni-5 at.%W layer architecture. Extensive reports in the literature can be found on this particular architecture and fabrication process [5, 6] . The goal of the present contribution is to use high-angle annular dark-field scanning transmission electron microscopy in combination with electron energy-loss spectroscopy to investigate interlayer formation and possible interdiffusion/intermixing processes at these interfaces. In a recent study on La 2 Zr 2 O 7 /Ni-5 at.%W interfaces with STEM-EELS with a high spatial and energy resolution, it was shown that intermixing occurs at these interlayers and a nanometer sized oxide layer forms as a by-product (depending on the annealing conditions), beyond which no further diffusion could be measured. Nevertheless the LZO buffer layer still acts as an efficient diffusion barrier [7] . In order to obtain the full YBCO-coated conductor architecture, a sequential annealing process is needed to deposit the buffer layers and the final overlaying YBCO superconducting layer [5] .
La 2 Zr 2 O 7 buffer layers deposited on a Ni5 at.%W substrate, prepared under reduced conditions, give rise to a gradual oxidation process leading to nanometer sized intermediate oxide layer. La 2 Zr 2 O 7 (LZO) thin films are used for the fabrication of low-cost buffer layers because of their scalability, compatibility with the high critical current of YBCO and the small lattice mismatch of the a or b axis with that of YBCO (0.5% and 1.8%, respectively) [5] . In order to analyze this process and the effect of further deposition it is necessary to recognize two distinct thermal effect conditions: (i) short range (less than 10 nm) and (ii) long range (several tens of nanometers) and relate these to the annealing process steps. Samples with the full architecture have been reported to have up to 100 nm sized oxide layers in the literature [8, 9] , this implies that a further reaction process is responsible for the increased oxide layer thickness. Furthermore, the implications of depositing a CeO 2 buffer layer and the final superconducting YBCO layer towards the formation of reaction interlayers are investigated. The formation of BaCeO 3 has been previously reported [10] .
Experimental details
Flexible cube textured Ni5 at.%W substrates of 80 µm in thickness and 1 cm in width were used for deposition [11] . Details on substrate preparation can be found in [12] . The re-crystallized substrates were cleaned in both an ultrasonic acetone and an isopropanol bath for 20 min. The substrate was dip-coated twice in a LZO precursor solution, followed by a CeO 2 precursor solution. TEM cross-sections of example layer architectures have been previously studied [13] . The sample preparation procedure is described in detail elsewhere [5, 14, 15] . The YBCO-coated conductor sample investigated in this work has a critical current density (j c ) of A TEM cross-section electron transparent lamella was prepared using a FEI Nova Nanolab 200 DualBeam SEM/FIB system by means of the 'in situ lift-out' technique. The sample was cut parallel to the {100} 001 oriented biaxially textured Ni5 at.%W substrate. HAADF-STEM and STEM-EELS experiments were performed on a FEI TITAN 'cubed' 80-300 transmission electron microscope operated at 300 kV, with aberration correctors for both image and probe forming lenses. Spectroscopy experiments were performed on a GIF Quantum spectrometer. The energy resolution for the EELS data in figures 3 and 5 was approximately 1 eV. For the EELS data in figures 7 and 8, the electron monochromator was used to optimize the energy resolution for EELS measurements to 400 meV. The STEM experimental conditions and the corresponding relevant ionization edges are given in table 1. The sample was tilted into the [001] zone-axis of Ni to keep the interface parallel to the electron beam for the STEM-EELS measurements. EELS scans were performed across the complete YBCO-coated conductor sample and at distinct interfaces.
The EELS spectra were analyzed using Digital Micrograph and EELSMODEL software [16] . Where mapped, the EELS signal strength was extracted from the data by integrating the intensity under the corresponding backgroundsubtracted EELS edge using a suitable integration window in Digital Micrograph. To improve the signal to noise ratio in the elemental maps, principal component analysis (PCA) was applied in the EELS data sets [18, 19] prior to mapping.
The plots in figures 3, 5 and 7 were generated in a similar manner, but no PCA data treatment was used to generate the plots. To be able to extract the Ni L 2 edge signal strength from the EELS dataset in figure 5 , model-based fitting of the Ni L 2 edge was adopted to overcome the overlap between the Ni L 2,3 edge and the La M 4,5 edge. The complete methodology of the procedure is given in figure 1.
Results
In this section the results obtained on a fully processed YBCO/CeO 2 /La 2 Zr 2 O 7 /Ni-5 at.%W coated conductor sample will be presented along with the corresponding detailed figure 3(a) . Figure 4 shows a HAADF-STEM image of region (1). The LZO layer can be clearly identified as the top layer. The dark contrast features are nanometer sized voids. At the interface with the nickel tungsten substrate a ∼22 nm sized oxide layer is observed. The thin dark contrast band above the nickel tungsten substrate suggests a relative lack of heavy tungsten atoms at the interface. A gradually increasing change in the contrast is observed from top to bottom. Dark contrast areas can also be observed due to nickel deficiency. [7] . Figure 6 is an HAADF-STEM image of the top interface area. The bottom area corresponds to the LZO buffer layer; again the dark contrast corresponds to nanometer sized voids. The rough, dark contrast layer corresponds to the CeO 2 film area on top of which an YBCO superconducting layer is deposited. The box indicates the region used for the STEM-EELS measurement. This region is denoted as (2) in the figure. Figure 7(a) shows the quantitative elemental color map of this region. Intermixing of La, Ce and Ba can be clearly observed in the waterfall EELS scan shown in figure 7(b) . A small energy shift in the Ce M 4,5 edge within the intermixing region (La, Ce, Ba) as compared to the CeO 2 layer area can also be observed in figure 7(b) . The collected Ce M 4,5 data is shown in more detail in figure 8 , together with references for Ce 4+ and Ce 3+ . The small shift in the Ce M 4,5 edge onset together with the appearance of extra features (indicated by arrows) point in the direction of a partial valency change from Ce 4+ to Ce 3+ in the Ce/Ba intermixed region [21] . 
Discussion

Methodology
A fully processed YBCO-coated conductor sample was prepared by chemical solution deposition methods, as described in detail in section 2 and references therein. Two-dimensional EELS spectrum images were acquired with scanning transmission electron microscopy combined with electron energy-loss spectroscopy to investigate the interfaces found in figure 2 . Quantitative elemental maps corresponding to the intensity under the O-K, Ba-M 4,5 , La-M 4,5 , Ni-L 2,3 and Ce-M 4,5 edges were generated. Prior to mapping, the data was treated with PCA to improve the signal to noise ratio in the EELS data. This technique is a powerful tool to reduce the noise from STEM-EELS data sets, allowing one to extract the essential chemical information [18, 19] . No PCA data treatment was used to generate the elemental distribution plots. The complete methodology procedure is given in figure 1. 
Interface structure
Nanovoids are observed in the La 2 Zr 2 O 7 layers, are a typical feature found in LZO buffer layers derived from chemical solution, and have already been studied in great detail in previous contributions [7, 8, 17] . From the HAADF images, the interface towards the Ni substrate, interface region (1) appears as a dark layer, suggesting a tungsten and/or nickel deficiency at the interface, similar to that reported for La 2 Zr 2 O 7 buffer layers [7] . From our EELS profiles we can estimate approximately 22 nm of intermixing of La, Ni and O (region 1) and approximately 10 nm of intermixing La, Ce, O and Ba (region 2). The LZO layer is 100 nm in thickness. In order to analyze the intermixing process of each formed interface layer in detail, each interface region was studied separately at higher magnification.
It is known that a nanometer sized oxide layer forms after heat treatment and deposition of the buffer layers. Due to the repeated heat treatment to which the sample is exposed after each buffer layer deposition and the final YBCO superconducting layer, the oxide layer formed at the bottom interface area increases in size; from a few nanometers (2 nm in a case reported previously [7] ) up to 22 nm for a fully processed YBCO-coated conductor described in this study. Beyond this thin oxide layer no further nickel contribution could be measured by STEM-EELS. Previous results showed that a thin intermixing layer of La 2 Ni 2 O 5 and ZrO 2 forms [7] . This result was confirmed in the present case and an increase in the layer thickness was observed. Even though this increased layer thickness is a product of the repeated annealing procedure, the LZO layer still acts as an efficient diffusion barrier.
The EELS data suggest a partial change in valency from Ce 4+ in the CeO 2 region to a mixed valency of Ce 4+ and Ce 3+ at the top intermixing region [20] . This interface is important, because it determines the epitaxy of the overlaying YBCO superconducting layer [22] . We observed that the Ba concentration reaches within a few nanometers of the LZO buffer layer, beyond which no further signal could be measured. No remarkable changes are found for the La M 4, 5 and Ba M 4,5 edges. Figure 7(c) shows normalized quantitative elemental profiles for Ba, La and Ce obtained from an integrated signal of this region. A 13 nm thick oxide layer is formed at the YBCO/CeO 2 /LZO interface. This oxide layer consists of two sub-oxide layers (4 and 9 nm thick) with different Ce valency and Ba/La/Ce mole fraction ratio, as shown in the elemental maps in figure 7(a) . To investigate the cerium fine structure across the YBa 2 Cu 3 O 7−δ /CeO 2 interface, background-subtracted EELS spectra taken from different positions (1-10) are plotted in figure 7(d ). An energy shift of ∼0.6 eV is obtained and can be observed in figure 8 , together with extra features in the Ce M 4,5 edge at positions 2, 3 and 4. These observations suggest a partial valency change from Ce 4+ to Ce 3+ at the top intermixed region [21] .
Thermal treatment and relation to superconducting properties
During the YBCO-coated conductor fabrication, sequential annealing is carried out after depositing the subsequent buffer layers and the final overlaying YBCO superconducting layer [5] . The heat treatment for the buffer layers (La 2 Zr 2 O 7 and CeO 2 ) occurs in three steps [12] . The buffered specimen is subject to temperature gradients corresponding to (i) a pre-heating step at 180 • C, (ii) a pyrolysis step at 600 • C and (iii) a crystallization step at around 1000 • C for each buffer layer. The TFA-YBCO layer is then obtained on top by (i) pyrolysis (200-400 • C), (ii) phase formation (780 • C) and (iii) an oxygen treatment at around 460 • C. The maximum annealing temperature reached during this process is 780 • C [14] . The Ba in the nucleating YBCO reacts with the CeO 2 buffer at temperatures >700 • C [22] . The main products of the chemical reaction of the nucleated YBCO and the CeO 2 layer are Y 2 BaCuO 5 , BaCeO 3 and CuO, the amount of the reaction depends on the processing temperature and time [22] . Intermixing yields a 20 nm thick layer of composition, which acts effectively as a barrier preventing Ce diffusion into the superconducting layer. The Ce found in the intermixing layer is mainly in a 4+ state, however a partial valency change to a 3+ state is observed at the top intermixing sub-layer. EELS analysis does not indicate further Ce diffusion into the YBCO layer beyond the nanometer sized intermixing region.
The analysis shown here indicated that the metallic substrate is oxidized during processing and the metal oxide interface is Ni/NiLaO, yielding high mechanical strength and no visible degradation of the adhesion of the subsequent films. At the top layer of the LZO buffer 4 nm and 9 nm thick reaction layers were found which might contain Ce 3+ . The thickness of these layers is small compared to the YBCO layer thickness of 440 nm and might only affect the superconducting properties in the bottom part of the YBCO layer, if at all. Good adhesion of the YBCO layer to the buffer layer is preserved and the roughness of the surface is reduced due to the presence of these layers. Roughness significantly affects the growth condition for the subsequent YBCO deposition. It has been shown in [8] that the grain size of the LZO (100-200 nm) is much smaller than the Ni substrate (40 µm). The formation of the intermediate layers might be necessary for the change in grain size (from the substrate to the buffer layer and further to the YBCO layer). Coated conductors with improved critical current densities as compared to the samples investigated here were grown by other groups. For similar samples, values of 4-5 MA cm −2 were reported in the literature for YBCO thicknesses of 300-700 nm [23] [24] [25] . It is assumed that the misoriented growth in the YBCO layer is the most significant reason for the j c reduction [23] ; beyond a certain film thickness biaxial texturing is degraded, yielding low j c areas hardly contributing to the total I c . Therefore, the results obtained here are important in understanding the biaxial growth process [26] , but are of little relevance for understanding the j c dependences. It is known that the deterioration of the YBCO stoichiometry due to the interaction with CeO 2 could be one of the reasons for T c and j c suppression; in particular, the incorporation of Ce into the YBCO unit cell has been studied in detail in the literature [22] .
Conclusions
A nanoscale spectroscopic assessment of a fully processed YBCO-coated conductor sample prepared by chemical solution deposition methods was realized by high-angle annular dark-field scanning transmission electron microscopy in combination with electron energy-loss spectroscopy. Scans over the entire coated conductor architecture were obtained. Two regions of intermixing were identified. The LZO-nickel tungsten interface denoted as region (1) contains an intermixing of La, Ni and O. An oxide layer of 22 nm in size is formed. Region (2), which contains the YBCO superconducting layer and the ceria-and lanthanum-based buffer layers, yields an intermixing area which is formed due to the successive heat treatments. A layer of 13 nm in size is formed and an intermixing of La, Ce and Ba is found. Results indicate a mainly 4+ state for Ce in the intermixing layer. No further Ce or La diffusion could be measured into the YBCO superconducting layer and the layer itself acts as a Ce diffusion barrier.
